Abstract--
INTRODUCTION
HE vortex tube is a device without moving mechanical parts, which converts a flow of compressed gas, initially homogeneous in temperature, into two separate flows -one of a low total temperature and the other of a high one. Such a separation of the flow into two temperature regimes is termed as the Temperature or Energy Separation Effect. The vortex tube contains the following parts: one or more inlet nozzles, a vortex generator, a cold and hot end orifice, a hot end control valve and a tube. The phenomenon of temperature separation in a swirling vortex flow was discovered in 1930s by Georges J. Ranque. Hence it is called as the Ranque effect and has been a popular research topic within the scientific community. Ranque proposed that compression and expansion effects are the main reasons for the temperature separation in the tube. Later, the geometrical parameters and performance optimization of the tube were investigated by Hilsch added the effect of inner friction to the Ranque's model of compression and expansion.
Vortex tubes have widely been used in various applications where compactness, safety, and low equipment cost are basic factors: heating and cooling applications, gas liquefaction, separation of gas mixtures, drying of gases, using in chemical industry, snow making etc. Nowadays, RHVTs are produced by different commercial companies with a wide range of applications.
Even though a significant interest has been created by these applications, the physical phenomenon responsible for the temperature separation is still being debated. One of the obstacles to investigations of RHVT is the lack of substantial published literature review. An important aspect of any research work on RHVT should be to collect together a significant mass of published literature.
Many experimental studies have been carried on RHVT, however, very few of them have been able to predict profiles of pressure, temperature and velocity vectors inside RHVT. After the advent of modern digital high speed computation facilities, a number of Computational Fluid Dynamics (CFD) studies have been carried out to understand the physics of RHVT. This paper is an attempt to present collective information about such numerical analysis of RHVT.
II.
IMPORTANT DEFINITIONS This section presents some important terms commonly used in study of RHVT.
Cold Mass Fraction: -It is given as the ratio of mass of gas leaving through cold exit to the total mass of gas entering through the nozzle. ΔT =T -T Hot end temperature difference is defined as the difference between temperature of gas at inlet and temperature of gas at hot exit. Where, T in is the inlet flow temperature, T c is the cold flow temperature and T h is the hot flow temperature, c m  is the mass of cold flow, C pc is specific heat of gas.
III. NUMERICAL STUDIES ON RHVT
N. F. Aljuwayhel et al. [1] analyzed the RHVT using twodimensional axi-symmetric CFD model & two different turbulence models: the standard k-ε model with a turbulent Prandtl number equal to unity and RNG k-ε model. The RNG k-ε model is similar to the standard k-e model with exception that it includes the effect of swirl on the turbulence intensity and calculates, rather than assumes, a turbulent Prandtl number. It also has an additional term included in the energy equation to improve the analysis of rapidly strained flows.
In CFD model, the flow entered the vortex tube axially with a significant tangential velocity, unlike the experimental arrangement where it entered radially at outer diameter. Aljuwayhel et al. [1] justified that numerical stability of the CFD model was improved when the axial inlet geometry was used & also facilitated the parametric studies. For a cold mass fraction of 0.3, the standard k-ε model predicted a 27.2 K temperature drop for the cold flow (relative to the inlet temperature) whereas the RNG k-ε model predicted only 20.7 K. This significant difference reflects the likely impact of the large centrifugal pressure gradients on the turbulence intensity.
To identify the source of energy transfer and mechanism of temperature separation, they divided vortex tube into three control volumes: 1. flow exiting via hot end 2. Flow exiting via cold end 3. Flow circulating near the inlet nozzle (the recirculating region); this flow is the secondary flow which was noted by Ahlborn and Gordon [15] .
Result of numerical model indicated that swirl velocity increased in the radial direction, except very near the outer wall. Negative axial velocity near the centerline and positive near the outer diameter, indicated the recirculating nature of the flow. The angular velocity as a function of radius at four axial locations indicated that it decreased in the radial direction, except very near the centerline as shown in Fig. 1 . The magnitude of radial velocity was found to be very less in the entire domain, compared to that of swirl and axial velocity. [2] used 3D CFD Model to investigate the effect of the nozzles number on the flow and power of cooling of RHVT, shown in Fig. 3 . Authors successfully used RNG k-ε model. Air was used with compressible fluid and ideal gas assumption. QUICK scheme was used to discretize the convective terms. Equations of momentum and energy were solved simultaneously using coupled procedure. When RSM model was used, FLUENT was unable to predict the temperature separation. In this case, the direction of cold flow and hot flow was reversed.
Tanvir Farouk et al. [4] used Large Eddy Simulation (LES) technique to predict the flow field and temperature separation in RHVT. The maximum axial velocity (u x ) was found to exist near the tube wall, where the direction of the flow was towards hot end. The flow along the axis was directed towards the cold end exit. The maximum value of the axial velocity decreased with increasing axial distance (Fig.  8) . The magnitude of azimuthal velocity was highest while that of radial velocity was found to be insignificantly lowest. Magnitude of azimuthal velocity decreased towards the hot end. Throughout the tube, cold flow in the core axial region was found to have negligible azimuthal velocity (Fig. 9 ). Contours of total temperature indicated warm flow in the peripheral region while cold flow in the core axial region. Maximum total temperature was found to exist near the wall. The total temperature decreased at the tube wall due to no slip boundary conditions (Fig. 10) . Authors reported that these predicted profiles of temperature provide indication about kinetic energy distribution in RHVT. The kinetic energy of fluid in the core cold flow region is minimum due to minimum magnitude of azimuthal velocity. When compared, it was found from contours that zone of minimum azimuthal velocity coincided with zone of minimum temperature. From structure of instantaneous streamlines, it was reported that a reversal of the flow occurs in the inner region of RHVT. Vortex structures are observed throughout the tube. Small vortices were observed mostly in the cold (central) region of the tube (Fig. 11) . These small vortices were not observed by Aljuwayhel et al. Upendra Behera et al. [5] used a 3-D CFD model having 0.89 million cells to analyze the flow field of RHVT. Authors reported that drag force caused by the pressure difference between flow field in RHVT and cold end acts continuously on particles moving towards the hot end. When the particle is not left with any momentum to flow against this pressure gradient, its axial velocity ceases to zero and later on reverses its direction of flow, by moving towards the cold end. Further acted by the differential pressure, the particle expands causing to considerable increase in axial velocity in negative direction. The point, at which thickness of cold exit region comes to zero, i.e. stagnation point, was determined to exist at a distance of about 280 mm from inlet (Fig. 12) . Radial profile of swirl velocity clearly indicated that most of flow inside the tube is governed by forced vortex regime where the swirl velocity is proportional to the radius (Fig. 13 ). It was observed that static pressure increases along radial direction at all cross-sections leading to negative radial velocity of the particle. Difference of pressure between peripheral layers to core layers decreases with increasing axial distance from inlet (Fig. 14) . This profile indicates that peripheral layers of fluid are in compression while core axial layers undergo expansion. Thus, peripheral layers are heated up while core axial layers are cooled down.
Nader POURMAHMOUD et al. [6] investigated the effect of helical nozzles on temperature separation of RHVT. They used 3-D steady-state axisymmetric computational domain along with periodic boundary conditions for analysis, utilizing both straight and helical nozzles. As the geometry of the RHVT is periodic, only a sector of the flow domain with angle 120° needed to be considered (Fig. 15) .
Authors reported that prediction of the cold exit temperature difference is found to lie between the experimental and computational results of Skye et al. [3] . But, both numerical results of hot exit temperature difference are very closer to experimental data (Fig. 16) .
The velocity field indicated that even for 6 straight nozzles, locally injected momentum by means of nozzles into vortex chamber is restricted to nozzle exit area only for 6 nozzles, and it is of low order because of small width of nozzle and division of total mass among the nozzles. This arrangement of nozzles was acceptable only because it helped to create a symmetric flow field. The objection of locally momentum injection was recovered by increasing of nozzle width because total nozzles area was constant for all of nozzles set. This situation caused a uniformly injection of momentum to produce semi continues high momentum zones in the rotating flow domain since the nozzles number is less than the last one, so the exit momentum from each nozzle is more effective to move downstream flow toward next nozzle (Fig. 17) .
Applying of 3 helical nozzles removed the issue of instantaneously momentum injection and semi continues high momentum zones in the vortex chamber.
T. Dutta et al [10] used Four Reynolds Average NavierStokes (RANS) based turbulence models, namely the standard k-ε, RNG k-ε, Standard k-ω and Shear Stress Transport (SST) k-ω to model the turbulence present in the flow field of RHVT. Their results indicated that difference of pressure between wall and axis are maximum with RNG k-ε while it was least for Standard k-ε model (Fig. 18 ). The magnitude of axial velocity of gas particles flowing towards cold outlet was higher in case of RNG k-ε model (about 160 m/s) that all other models, as shown in figure 19 . While, the profiles of axial velocity predicted in the near wall region was almost similar for all the models. All the models clearly predicted the phenomenon of reversal of flow which was indicated by negative value of axial velocity. The location of zero axial velocity was almost identical for all the four models. at z/L = 0.5 [10] In case of profiles of static temperature, all the four turbulence models predicted the same qualitative nature; however the magnitude obtained differed considerably. The resulting temperature differential was attributed to difference in predicted pressure differential by various models (Fig. 20) . at z/L = 0.5 [10] IV. CONCLUSION AND FUTURE ENHANCEMENT Due to small size, RHVT presents difficulties associated with accurate determination of profiles of temperature and flow field using experimental arrangement. This is where numerical analysis comes to aid of researchers. However, still a lot of discrepancy exists between experimental and numerical results when different turbulence models are employed. Work towards improvement of this situation needs to done.
The flow inside RHVT, being highly turbulent, needs considerable computational power and cost for simulation and study, when using 3 D models. This is the section which provides the scope for enhancement.
The parameters of flow physics taken into consideration for the purpose of review are diversified, which is intended towards avoiding monotonous nature and repetition of presented results and attempts to extract essential and quality outputs from published literature.
